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ABSTRACT: Nucleosomes play a vital role in chromatin organization and gene regulation, acting as key hubs that inter-
act with various chromatin-associated factors through diverse binding mechanisms. Recent research has highlighted
the prevalence of mutations in linker histones across different types of cancer, emphasizing their critical involvement
in cancer progression. These cancer-associated mutations in linker histones have been shown to disrupt nucleosome
stacking and the formation of higher-order chromatin structures, which in turn significantly affect epigenetic regulatory
processes. In this review, we provide a comprehensive analysis of how cancer-associated linker histone mutations
alter their physicochemical properties, influencing their binding to nucleosomes, and overall chromatin architecture.
Additionally, we explore the significant impact of mutations near post-translational modification sites, which further
modulate chromatin dynamics and regulatory functions, offering insights into their role in oncogenesis and potential
therapeutic targets.
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1 Introduction

In eukaryotes, chromatin provides the foundation for epigenetic regulation and plays a crucial role in
numerous biological processes, including gene regulation, the repair of DNA damage, its replication process,
as well as the structuring and separation of chromosomes [I-4]. Nucleosomes, the fundamental units of
chromatin compaction, consist of approximately 147 base pairs of DNA coiled around a histone octamer,
which is made up of two copies of each core histone: H2A, H2B, H3, and H4 [5]. The linker histone (LH)
H1 interacts with nucleosomes by binding to linker DNA at the entry and exit points, forming chromatin
structures [6]. The LH is essential for chromatin organization, facilitating the compaction of nucleosome
arrays and assisting in the assembly of higher-order chromatin structures [7,8]. By dynamically interacting
with chromatin, histone H1 affects the nucleosome repeat length and is vital for preserving the stability of
higher-order chromatin structure [7,9,10].

Histone H1 is among the most variable histone families, consisting of up to 11 subtypes [11,12]. All H1
proteins consist of three distinct structural domains: a disordered N-terminal domain (NTD), a central
globular domain (GD), and an unstructured C-terminal domain (CTD) [12]. Similar to other core histones,
histone H1 undergoes various post-translational modifications (PTMs). As a key epigenetic regulator, linker
histones are involved in several cellular processes, such as gene expression, mitotic chromosome structure
and segregation, heterochromatin function, and the heterogeneity of cancer cells [11,13].
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In recent years, an increasing number of studies have highlighted the essential roles of LH HI in
human diseases including cancer [14-17]. The deletion or mutation-induced loss of H1 results in notable
alterations to chromatin structure and function, affecting nucleosome stacking and the global chromatin
architecture [18,19]. Although cancer-related mutations significantly impact LH structure and function,
their molecular mechanisms in oncogenesis have been less studied than those of core histones. Recent
experimental and computational research has made notable advances in understanding the impact of Hl
cancer mutations on chromatin structure and function, providing novel perspectives on the epigenetic
mechanisms driving tumorigenesis [20-23]. This review offers a comprehensive summary of recent research
on LH mutations in cancers, with a focus on how these mutations potentially drive oncogenic development
by altering chromatin structure and interactions. We also explore how mutations affect the post-translational
modification sites of LH and their potential influence on higher-order chromatin structures.

2 The Function of Linker Histones and Their Association with Diseases across Different Variants

Similar to core histone proteins, the LH family consists of various variants [24]. Recent studies suggest
that different LH variants and their binding modes can lead to diverse chromatin fiber structures, which, in
turn, influence gene expression and chromatin function [9,25]. In human, there are a total of 11 LH variants.
Seven, including H1.0, H1.1-H1.5, and H1.10, are expressed in somatic cells, while four others (H1.6-H1.9) are
expressed in germ cells [12]. These variants in somatic cells can be classified into DNA replication-dependent
variants (H1.I-H1.5) and replication-independent variants (H1.10 and H1.0) (Fig. 1a) [26].

In higher eukaryotes, linker histones have a three-part structure: a central GD consisting of approx-
imately 80 amino acids, with intrinsically disordered tails at both the N- and C-termini. The NTD
is approximately 25-35 amino acids in length, while the CTD is longer, spanning around 100 amino
acids [27,28]. We performed a sequence alignment of 11 human linker histones, and as shown in Fig. 1b, the
GD of Hl variants is generally more conserved than the unstructured tail regions. The H1 tails are highly basic
and lysine-rich but are notably lacking in acidic and aromatic residues. Recent studies have revealed that
these long, less conserved tails may be crucial in regulating chromatin structure and function by interacting
specifically with chromatin-binding factors and undergoing PTMs [12].

a

In somatic cell:

H1 Histones

H1.1 Q02539 ( H1-1, H1F1, HIST1H1A); H1.2 P16403 ( H1-2, H1F2, HIST1H1C)
H1.3 P16402 ( H1-3, H1F3, HIST1H1D ); H1.4 P10412 ( H1-4, H1F4, HIST1H1E )

H1.5 P16401 ( H1-5, H1F5, HIST1H1B)
replication-independent:
H1.0 P07305 ( H-0, H1FV, H1F0 ); H1.10 Q92522 ( H1-10, H1FX, H1x )
In germ cell:
testis-specific:
H1.6 P22492 (H1-6, H1FT, H1T, HIST1H1T ); H1.7 Q75WM6 ( H1-7, H1FNT, HANP1 )
H1.9 P60008 ( H1-9, HILS1)
oocyte-specific:
H1.8 Q8IZA3 (H1-8, H100, OSH1, H1FOO)

Figure 1: (Continued)
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Figure 1: Human linker histones subtypes and their sequences. (a) The different types of H1 histones found in somatic
cells and germ cells are displayed in this figure. HI histones in somatic cells are categorized into replication-dependent
and replication-independent types. Additionally, testis-specific and oocyte-specific H1 histones in germ cells are listed.
The UniProt IDs and gene names are provided for each subtype. (b) A multiple sequence alignment of LH family
members, color-coded by sequence conservation. Darker colors represent more conserved sequences, highlighting the
evolutionary conservation of specific regions within the LH family. The alignment was performed using Clustal Omega
(v1.2.4) [29]. The visualization was generated using Jalview (version 2.11.4.1) [30]

Different HI variants exhibit varying binding affinities and interaction modes with nucleo-
somes [10,31,32]. High-affinity binding of HI to nucleosomes, both in vitro and in vivo, relies on its CTD,
which is also critical for chromatin condensation [33,34]. Interestingly, a potential correlation has been
observed between the binding affinity of HI to nucleosomes and the length of its CTD. Among somatic H1
variants, H1.4 and HL.5 exhibit the highest binding affinities, while H1.0, H1.2, and H1.3 display intermediate
affinities [35,36]. The binding affinity of Hl variants primarily depends on the length of the C-terminal
region [35]. Additionally, the presence of DNA-binding S/TPKK motifs and an increase in positively charged
residues also contribute to the enhancement of binding affinity [35]. H1.4 and H1.5 have the highest binding

affinity, mainly due to their longer C-terminal regions [35]. HL.10 has the weakest binding affinity and is
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the most divergent and least conserved of the somatic variants [10,33,37]. Despite its lower chromatin-
binding affinity, HI1.10 effectively promotes chromatin compaction [33]. Interestingly, studies have found that
HI.10 is also associated with more open and transcriptionally active chromatin regions [37]. The differences
in H1.10’s chromatin compaction ability may be closely related to its cellular localization [10,37,38]. For
example, in the nucleolus, H1.10 inhibits gene expression by promoting chromatin condensation, whereas
in the nucleoplasm, it is primarily associated with transcriptionally active regions [10,37,38]. H1.0, the
most conserved somatic variant, predominates in adult cells and is essential for forming highly compacted
chromatin. Overexpression of H1.0 in proliferating cells inhibits both DNA replication and transcription.
In contrast, HL.1, which has a low chromatin-binding affinity and limited chromatin compaction ability,
leads to a more open chromatin structure, particularly in undifferentiated cells [39,40]. This variant also
exhibits rapid exchange between chromatin regions, likely due to its shorter CTD [41]. In addition to the
CTD, the NTD of HI is crucial for determining both the specificity and strength of its interactions with
nucleosomes [42]. Moreover, the N-terminus appears to play a critical role in ensuring the proper localization
of HI at its specific binding site within the nucleosome [43,44]. Supporting this, studies have demonstrated
that HI variants lacking their N-terminal regions are unable to localize to the nucleosome in vitro. This
proper localization is essential not only for H1’s binding properties but also for the subsequent formation of
chromatin structure [43,44].

The chromatosome, a fundamental structural unit of chromatin, consists of a nucleosome and an LH
that binds to the linker DNA connecting adjacent nucleosomes. Recent research highlights that the proximity
between the two linker DNA segments within the chromatosome is governed not only by the net positive
charge in the C-terminal tails of H1 subtypes but also by the presence of distinct T/SPKK motifs [9]. For
instance, H1.0 contains two T/SPKK motifs, while H1.4 possesses three. Notably, a recent study has shown
that mutating threonine or serine residues to glutamic acid (T or S to E) within the T/SPKK motifs of
H1.4’s CTD can disrupt the interaction between H1.4 tail and linker DNA [9]. These mutations may alter the
binding strength or the mode of interaction between H1.4 and the DNA. Therefore, the number of T/SPKK
motifs in the C-terminal tail of the LH likely plays an important role in regulating the openness of the
linker DNA [9,45]. Notably, frameshift mutations, such as Thrl46HisfsTer50, in the C-terminal tail of H1.4
result in the loss of T/SPKK motifs and positively charged residues, a change that has been linked to autism
and progeria [15]. However, so far, there have been no germline mutations in the H1.0 gene associated with
Rahman syndrome (RMNS). To date, over 20 frameshift mutations have been identified in H1.4 variants,
most of which led to premature truncation of the CTD. These germline mutations often create pathogenic
variants with abnormal functions, including those associated with RMNS [14]. In addition to frameshift
mutations, missense mutations in LH genes, particularly within the H1.2-H1.5 gene family, are frequently
associated with follicular lymphoma [46]. These mutations, which are predominantly located in the C-
terminal region, are somatically acquired in follicular lymphoma [46]. Furthermore, mutations in the H1.5
gene are commonly observed in colorectal cancer, underscoring the involvement of histone H1 variants in
various diseases [47].

The interactions of H1 with the nucleosome are highly dynamic and involve different binding
modes [9,48,49]. Typically, the GD of HI attaches to the nucleosome at the dyad, forming connections
with both linker DNA strands through the a2 and a3 helices, as well as the W1 “wing” and L1 loop. At the
same time, the disordered CTD is asymmetrically associated with a single strand of linker DNA [50]. The
interaction of H1 with both the nucleosome and linker DNA leads to more compact and rigid conformations,
facilitating chromatin compaction [50,51]. Recent experiments have also revealed “off-dyad” binding of H1in
chromatosomes, where the GD associates with the nucleosome near the dyad axis and binds to 10 or 20 base
pairs of linker DNA [25,48,52] (Fig. 2). In the “off-dyad” binding modes, HI establishes close contact with
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both the C-terminal tail of H2A and the N-terminal tail of H3. The a3 helix within its GD extends toward
the nucleosome core, where key residues K91 and K95 engage with nucleosomal DNA near the dyad axis.
Simultaneously, residues K58, K102, K107, and K116 form interactions with a nearby 10-base pair segment of
linker DNA [48].

a7 74 80 87 97
on-dyad GH5 248HP-TYSEMIAAAIRAEKSRGGSSSIQKYIKSHYKVG-HNADLQIKLSILIAAG LKQTKGASGSFRLAKW
off-dyad GH1 4SHPPTQQ-MIDAAIKNLKERGGSSLLAIKKYITAT YKVDAQKLAPFIKKYLKS|LVVNGKLIQTKGKIGASGSFKLgAMS

68 % 102 109 119

Figure 2: Different H1 binding modes in the chromatosome structure. The top panel presents a sequence comparison of
GH5 and GHI, with conserved residues highlighted in orange. Five positively charged residues, critical for the binding
of the globular domains of Drosophila H1 or chicken H5, are highlighted within boxes. The bottom panel illustrates
schematic representations of two H1 binding modes: on-dyad and off-dyad. The on-dyad structure is modeled based on
PDB 4QLC, while the off-dyad structure is derived from HADDOCK docking using IHST and 1ZBB [49,53,54]. Given
the flexibility of histone tails and lack of structural information, the figure emphasizes the interaction between the Hl
GD and DNA

The GD primarily dictates the binding mode of the LH, and modifications to several key residues
within this domain can regulate on- or off-dyad binding [49,55]. For example, the study of chicken H5
and Drosophila H1 linker histones has shown distinct binding preferences [49]. Replacement of the five
residues within the GD of H5/H1.0 with the corresponding residues from Drosophila H1 causes the LH to
associate with the nucleosome at a position off the dyad. Importantly, these residues are highly conserved
across multiple species, including humans [9]. In chicken H5, the on-dyad binding mode is stabilized
by three positively charged residues—R47, R74, and K97—which are replaced by neutral residues (L68,
§96, and A119) in Drosophila Hl (Fig. 2). Conversely, in the off-dyad mode, Drosophila H1 depends on
two positively charged residues, K102 and K109, to interact with linker DNA and nucleosomal DNA,
respectively. These residues correspond to neutral residues (V80 and V87) in chicken H5 [49]. Mutations in
critical residues of the GD can disrupt HI’s interaction with the nucleosome, thereby affecting nucleosome
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stability and higher-order chromatin organization. Notably, introducing specific mutations in chicken H5
(R47L, R74S, K97A, V80K, V87K) shifts its binding mode, transitioning from on-dyad to oft-dyad binding
(Fig. 2). This demonstrates how individual residues regulate HI’s binding dynamics and influence chromatin
structure [49,56,57]. R47, R74, and K97 are highly conserved in human H1 variants H1.0, H1.4, and H1.10,
but whether they play determinant roles in the human HI binding mode remains to be further validated [9].

3 The Role of Linker Histones in Cancer

The expression patterns of histone HI variants, particularly their expression levels, are closely associated
with cancer grading and invasiveness. For instance, two independent immunohistochemical studies on
prostate adenocarcinoma biopsy samples have shown that H1.5 is highly expressed in high-grade tumors
but significantly reduced in low-grade tumors [58,59]. This makes H1.5 a potential biomarker for assessing
prostate cancer progression and aggressiveness [58,60]. Similarly, increased expression of H1.2 in pancreatic
cancer has been associated with a worse prognosis, further reinforcing the notion that H1 variants could
be potential markers of cancer severity [61]. In contrast, the expression of various H1 variants, including
HI1.0, H1.1, H1.4, and H1.10, is notably reduced in breast and ovarian cancers, suggesting that the loss of these
variants may contribute to malignant transformation and progression [62,63]. H1.0, typically found in fully
differentiated cells, is significantly reduced in breast cancer tissue, regardless of the tumor’s differentiation
status. This reduction in H1.0 expression is associated with tumor malignancy [62]. Notably, HL.0 is an
effective immunohistochemical marker for evaluating cancer cell proliferative activity, underscoring its
relevance in cancer diagnostics and prognostics [64-66]. These findings collectively highlight the critical
role of H1 variant expression in cancer biology. Alterations in the expression of specific H1 variants not only
correlate with tumor grade and differentiation but also offer insights into the invasive potential and prognosis
of various cancers. Consequently, H1 variants hold significant promise as indicators for cancer detection,
progression monitoring, and potential therapeutic targets [67].

Histone mutations are frequently observed across various cancer types and significantly impact chro-
matin structure and gene expression [21-23,68]. While previous research has primarily focused on mutations
in core histones, particularly at positions K36, K27, and G34 of H3 [69-71]. Recent studies have also begun
to explore the molecular mechanisms underlying cancer mutations in linker histones [22]. Mutations in
linker histones have been frequently identified across various cancers, such as skin cancer, prostate cancer,
endometrial cancer, and mature B-cell tumors [18,22,23]. Furthermore, multiple histone mutation databases
have identified H1.2, H1.4, and H1.5 as the most commonly mutated histone variants [18,22,23]. Hotspot
mutation sites are primarily located at A64 and A163 in both H1.4 and H1.2, while in H1.1, the hotspot
mutation site is at A67 [23].

Large-scale analyses using pan-cancer atlas data from The Cancer Genome Atlas (TCGA) project have
shown that B-cell lymphoma has the highest occurrence of mutant alleles in H1.1-HL.5 variants across all
cancer types [18]. Interestingly, in B-cell lymphoma, most HI mutations (97%) are missense variants that
predominantly target the globular and C-terminal domains of HI1 histones. Among the different isoforms,
H1.2 and H1.4 are the most frequently affected [18]. The study also highlighted a significant co-occurrence
between mutations in H1.2 and H1.4 as well as in other H1 alleles. Furthermore, 85% of mutations in the
globular regions of H1.2-HIL.5 affect key conserved residues at interaction sites, including the ASGS motif that
directly binds DNA [18]. Another recent study identified heterozygous sequence variants in H1.4 associated
with RMNS through clinical exome sequencing, with these mutations occurring in germline cells [15]. Most
H1.4 variants were concentrated in the ¢.360-c.450 region of the CTD, resulting in frameshift mutations [15].
The predicted mutant protein exhibited an increased negative charge in comparison with the wild-type H1.4,
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implying that deleterious mutations in the CTD of H1.4 may impair HI-DNA interactions by reducing the
positive charge in the tail regions [15].

In 2023, a large-scale analysis of publicly available whole-genome and exome data found that mutations
in Hlare not limited to lymphomas, but also occur in a range of both pediatric and adult cancers, highlighting
the widespread involvement of H1 mutations in cancer [22]. Notably, a mutation hotspot, K22 in the H1.4,
was identified as one of the most frequently mutated histone residues. Additionally, HI mutations were
found to be clonal and repeatedly present in a minimum of two patients, with mutations such as H1.4 L42V,
H1.5 K187N, and H1.2 P146S [22]. In the same year, Bennett and colleagues analyzed 205 unique cancer
studies from cBioPortal, encompassing 65,489 patient samples [23]. Their analysis revealed that genetic
changes, including point mutations, structural rearrangements, and variations in copy number, were present
in H1 genes in approximately 7% of cancer patients. Further experimental work using embryonic stem cells
from HI1 knockout mice has demonstrated that the H1.2 S101F mutation acts as a loss-of-function mutation,
significantly decreasing the binding affinity of H1 for chromatin [72]. Moreover, recent analyses suggest that
mutations at G102A, S101F, and S103F in H1.2 may disrupt the DNA-binding region of the protein, impairing
interactions between HI and the nucleosome [23].

In our recent study, we investigated how cancer-related LH mutations impact nucleosome structure and
interactions by analyzing whole-exome and whole-genome sequencing data from cBioPortal and our recently
developed histone interaction network [21,73,74]. Our analysis revealed that although cancer-associated
mutations in H1 are not the most prevalent among histone types, they still represent a relatively substantial
proportion, accounting for 18.1% (Iig. 3a). Among the H1 subtypes, H1.4 exhibited the highest mutation
frequency, contributing to 22.1% of all Hl-related cancer mutations. In contrast, the mutation frequencies
of H1.0 and H1.1 were relatively lower, at 3.4% and 3.1%, respectively (Fig. 3b). Notably, H1 mutations occur
across a wide range of cancers, with the highest mutation frequencies observed in mature B-cell tumors,
melanoma, and colorectal cancer (Fig. 3¢). Our findings also suggest that cancer mutations in linker histones
often decrease the number of positively charged residues at the binding interface while increasing negatively
charged residues. This change could weaken the interaction between linker histones and negatively charged
DNA, ultimately affecting chromatosome stability (Fig. 3d). The most commonly mutated sites in linker
histones include G91D/A/C, G92V, and G94D/S (Fig. 3¢). Overall, these findings highlight that LH mutations
are significantly associated with various cancers and may disrupt chromatosome stability and higher-order
chromatin structure by altering the physicochemical properties of linker histones.

Histone Type H1 HGNC Symbol

18.1%

OH1.0 OH13 ©HL5 @OHL7 @EHL1
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Figure 3: (Continued)
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Figure 3: Statistical analysis of cancer-associated mutations in LH using the data from cBioPortal: (a) The proportion of
cancer-associated mutations across different histone types in the mutation data; (b) The number of LH cancer-associated
mutations across LH genes; (c) Number of LH cancer-associated mutations across the top five cancer types. NSCLC:
Non-Small Cell Lung Cancer; EC: Endometrial Cancer; CRC: Colorectal Cancer; MBCN: Mature B-cell Neoplasms;
(d) Number of wild-type and mutant residues in Hl mutation data categorized by physicochemical properties. The blue
bars represent the quantity of each residue type in the wild-type H1 before mutation, while the red bars represent the
quantity of each residue type in the mutant HI following mutation. The differences between the blue and red bars for
each residue type reflect the changes in residue numbers before and after mutation; (e) Mutations are mapped onto the
consensus sequence of H1 from multiple sequence alignment. The x-axis shows the coordinates of the aligned consensus
sequence (Fig. 1), while the mutation sites are annotated based on the coordinates of the original sequence. Residues
with no less than eight mutations are marked with red dots, and the top three sites are labeled with their specific mutation
types. The alignment was performed using Clustal Omega (v1.2.4) [29] and the data visualization was conducted using
RStudio [75]

Recent computational studies have offered in-depth insights into how mutations affect the interactions
between the globular domains of histone HI subtypes (HL2, H1.4 and HL5) and nucleosomes [76]. By
mapping the mutations within the H1.2 GD and its interaction sites with nucleosomal DNA onto its sequence,
it was observed that certain mutations occur directly at the interaction interface (Fig. 4a). Notably, mutations
S58F and S104F in H1.2 were found to significantly alter the binding free energy of H1 to nucleosomes [76].
The serine at position 104 of H1.2 interacts with DNA through hydrogen bonds, and the mutations S104F
may disrupt the formation of these hydrogen bonds, thereby affecting the binding free energy of Hl to
the nucleosome, potentially leading to decreased stability of H1 binding and subsequently impacting the
compaction of chromatin structure (Fig. 4b). In the mutation dataset obtained from our recent study, we
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also found that the S104F mutation in H1.2 was observed in various cancers, including glioma, skin cancer,
non-melanoma, and mature B-cell tumors [21]. Additionally, mutations in H1.2, including D72N, E74Q,
I80M, S86I, and K109N, as well as mutations in H1.4, such as E42D and K75N, have been shown to alter
the Hl-nucleosome binding free energies, suggesting potential disruptions in H1’s ability to interact with the
nucleosome [76].
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Figure 4: Cancer-associated mutations disrupt DNA-HI interaction: (a) Mapping of cancer-associated mutations onto
the DNA binding interfaces of H1.2. The sequence of the GD structure of H1.2 is shown, with blue blocks above the
sequence representing sites that interact with DNA. The dark red blocks below the sequence correspond to mutation
sites identified in our study. Secondary structures, including alpha helices and beta strands, are indicated by black lines
beneath the sequence; (b) The S104F mutation in H1.2 disrupts hydrogen bonds, impairing the interaction between H1.2
and the nucleosome. Hydrogen bonds are depicted by black lines, mutation sites are highlighted in red, and histone
H1.2 is shown in purple. The structural representation is generated using PDB entry 8HOV
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4 Linker Histone Cancer Mutations Disrupt the Higher-Order Chromatin Structure

Histone H1is crucial for regulating chromatin states and is believed to influence cellular transformation
by facilitating higher-order chromatin structure formation [11]. Recent research reveals that mutations in H1
variants can impair its function, leading to significant structural effects on chromatin organization [46,72].
Specifically, these mutations can lead to the loss of H1 function, triggering both global and local transitions
from a tightly packed to a more relaxed chromatin state, ultimately resulting in extensive structural
remodeling of the genome [18,19,76].

In a recent study, transmission electron microscopy was used to investigate chromatin structure in Hl-
deficient lymphocytes, revealing notable changes in nuclear morphology, including nuclear enlargement
and decreased signal density within heterochromatin. These findings indicate that HI deficiency promotes
chromatin decompaction [18]. A recent study on follicular lymphoma progression identified recurrent
somatic mutations, including the SI02F alteration in H1.2 [72]. This mutation significantly weakens the
interaction between H1.2 and chromatin compared to the wild-type protein. The reduced binding of H1.2 to
chromatin results in chromatin decompaction, which may disrupt gene expression and PTMs [72]. However,
the precise molecular mechanisms by which these changes affect the expression of specific genes remain
incompletely understood. Moreover, a study employing Mg** precipitation of 12-mer nucleosome arrays
combined with atomic force microscopy revealed that chromatin compaction was markedly impaired in
H1.2 variants harboring C-terminal mutations, as compared to the wild-type protein [18]. Additionally,
HI deficiency has been associated with a decrease in nucleosome repeat length (NRL), a critical factor in
determining nucleosome array compaction [18,77]. Studies have demonstrated that shorter NRLs enhance
the formation of highly ordered nucleosome-nucleosome stacks, which are less affected by LH binding [78].
This leads to less compact chromatin fibers with diameters of approximately 21 nm. In contrast, longer NRLs,
in conjunction with LH binding, facilitate the packing of nucleosome arrays into tightly folded, regular fibers
with diameters from 33 to 35 nm [78].

Recent studies have further underscored the crosstalk of LH H1 with various proteins associated
with cancer progression [17,73,79,80]. For instance, H1 interacts with PTEN, a key tumor suppressor that
is often inactivated in many cancers. Evidence suggests that H1 and PTEN cooperate to silence cancer-
promoting genes [17,79]. Specifically, PTEN directly interacts with the C-terminal region of HI, stabilizing
the association of the histone HI and heterochromatin protein la (H1-HPla) complex with chromatin
and thereby regulating HI's chromatin binding. In the absence of PTEN, the Hl-HPla complex dissociates
from chromatin, resulting in reduced H1 binding [79]. PTEN physically interacts with multiple H1 vari-
ants, enhancing their chromatin binding, and HI may contribute to mediating PTEN’s tumor-suppressive
functions within the nucleus [79]. The absence of PTEN causes Hl to detach from chromatin, resulting
in global chromatin decondensation and a reduction in chromatin stability. Moreover, the metastasis-
associated protein 1 (MTA1), which plays a role in enhancing malignant traits such as invasion and metastasis,
displaces H1 from chromatin when overexpressed [80]. It competes with HI for binding to chromatin
in a concentration-dependent manner, weakening the Hl-chromatin interactions and promoting cancer-
related phenotypes [17,81]. Notably, MTA1 is overexpressed in various cancers, including breast, ovarian,
and gastric cancer [17,81]. This overexpression is closely linked to malignant progression, metastasis, and
poor prognosis in cancer patients. Additionally, MTA1 overexpression can disrupt the interaction between
HI and chromatin, further contributing to tumorigenesis [80]. In addition, histone H1 interacts with the
tumor suppressor p53, with this binding mediated by chromodomain helicase DNA-binding protein 8
(CHDS8). Under genotoxic stress conditions, the interaction between H1 and p53 inhibits the transcriptional
activation typically driven by p53, modulating the cellular response to stress [17,82]. However, abnormal
expression of CHDS8 in cancer can disrupt this interaction, impairing the tumor-suppressive functions of
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p53. Interestingly, CHD8 also inhibits the Wnt/p-catenin signaling pathway by recruiting histone HI to Wnt-
responsive elements, thereby suppressing the transcriptional activation of B-catenin. While the exact role of
H1 in regulating 3-catenin activity remains unclear, possibly involving inhibition of T-cell factor/Lymphoid
enhancer-binding factor (TCF/LEF)-bound gene expression, this pathway is known to play a pivotal role
in cancer development and progression. In this context, the CHD8-HI interaction may have potential
anti-cancer effects [17,83].

In germinal center B cells of B-cell lymphoma, the loss of H1 induces extensive chromatin decompaction
and significant alterations in the distribution of PTMs of core histones [18,84]. The hallmark of chromatin
decompaction is the global transition from B to A compartments. Compartment B, characterized by
dense, transcriptionally silent chromatin, shifts to a more open configuration resembling compartment
A, where chromatin is transcriptionally poised or active [18]. This is reflected by an increase in H3K36
monomethylation and dimethylation, while H3K27 dimethylation and trimethylation show a significant
decrease [7,18]. Notably, the increase in H3K36me2 aligns more closely with the transition from compart-
ment B to compartment A compared to the reduction of H3K27me3 [18]. In compartment B of chromatin,
both marks are generally absent, with H3K27me3 detected only in the least compact regions [18]. In
compartment A of chromatin, H3K36me2 progressively increases, while H3K27me3 is significantly reduced
in highly decompacted regions [18]. These dynamic changes suggest that the distribution of H3K36me2 and
H3K27me3 marks effectively reflects the degree of chromatin decompaction [18]. H3K27me modification
serves as a pivotal marker of transcriptional repression in facultative heterochromatin, essential for gene
silencing throughout development [85]. Moreover, chromatin decompaction is accompanied by the activa-
tion of genes that are typically silenced by polycomb repressive complex 2 (PRC2) during hematopoietic
differentiation [7,18]. Although the precise mechanisms by which the loss of Hl modulates PRC2 activity
in vivo remain unclear, dysregulation of PRC2 is associated with a wide range of cancers, suggesting its
potential involvement in lymphoma [86]. A recent study found that PRC2 mutations in follicular lymphoma
result in significant downregulation of histone genes, especially H1.2, but their effects on H1’s chromatin
compaction ability remains unclear [87]. These findings highlight the critical role of H1 in chromatin
compaction and suggest that its loss leads to chromatin decompaction. This alteration not only changes the
physical structure of chromatin but may also have significant effects on gene regulation and expression. The
loss of H1 affects a specific subset of genes, primarily those associated with stem cell characteristics, immune
response, and chromatin regulation [18,88-90]. However, the changes in gene expression are not uniform,
as not all genes are upregulated; for example, enhancers of zeste homolog 2 (EZH2) target genes remain
unaffected [18]. Moreover, the loss of H1 also disrupts signaling pathways related to immune response and
histone modifications, underscoring the critical role of H1 in these biological processes [18].

5 Cancer Mutations Disrupt Post-Translational Modifications in Linker Histone

A growing body of research highlights the crucial role of PTMs of linker histones in regulating
chromatin compaction during the cell cycle, responding to DNA damage, and influencing cell differentia-
tion [91,92]. Among the most common PTMs in human linker histones are phosphorylation, methylation,
and acetylation [14,93,94]. The interaction between Hl and chromatin is primarily driven by basic amino
acids, while phosphorylation reduces HI’s positive charge, potentially increasing its dissociation constant
and enhancing chromatin accessibility [93,95]. In contrast, methylation of H1 is commonly linked to tran-
scriptional repression [93]. A study using mass spectrometry analysis identified methylation modifications
at the K34/35, K64/65, and K75 sites in different H1 variants [93]. Lysine modifications in the GD of H1
histone are commonly located near its DNA-binding sites, including K34, K52, K64, K85, and K97 [96,97].
Methylation at these sites can protect the e-amino group of lysine and increase the affinity of the histone
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for DNA, potentially facilitating the transition of chromatin into a locally repressed state [93]. The K26 site
in H1.4 is particularly noteworthy as it can be both acetylated and methylated (Fig. 5). Methylation at this
site facilitates the binding of Heterochromatin Protein 1 (HP1) to H1.4, contributing to heterochromatin
formation and transcriptional repression [93]. Conversely, acetylation at this site may prevent methylation,
inhibiting HP1 binding to H1.4, which promotes chromatin opening and transcriptional activation [93].

PTMs of linker histones are also closely linked to cancers. For example, a study analyzing changes in
histone modifications during bladder cancer progression found significant variations in the phosphorylation
levels of histone Hl among normal cells, non-invasive cancer cells, and invasive cancer cells [99]. When
comparing non-invasive low-grade and invasive high-grade bladder cancer cell lines, it was observed
that the phosphorylation level of HI at the T146 site gradually increased from low-grade to high-grade
cancer cells [99]. Additionally, research has suggested that cyclin dependent kinase (CDK)-dependent
phosphorylation may serve as an important marker for cell proliferation and tumor formation, further
supporting the key role of phosphorylation modifications in the development of bladder cancer [99]. Recent
studies have also revealed that MTALI inhibits H1.2 phosphorylation at T145 by promoting the breakdown
of DNA-PK, a mechanism linked to the initiation and metastatic progression of hepatocellular carcinoma
(HCC) [100]. In addition, wolf-hirschhorn syndrome candidate 1 (WHSC1)-mediated mono-methylation of
H1.4K85 in squamous cell carcinoma of the head and neck may contribute to the enhancement of stemness
traits in cancer cells [101].

Recent studies have highlighted the intricate crosstalk between H1 PTMs and core histone PTMs,
emphasizing their roles in cancer progression [102-104]. For example, studies have demonstrated that
G9a histone methyltransferase (HMT), which typically mediates dimethylation of histone H3 at lysine 9
(H3K9me?2), can also methylate histone H1.4 at lysine K26 in vivo. This modification is crucial for chromatin
condensation and heterochromatin formation [103]. More importantly, studies have shown that in the
context of histone HI, phosphorylation at H1.4527 (H1.4S27ph) inhibits the interaction between HP1 and
H1.4K26me2. Additionally, H1.4K26 competes with H3K9me3 for binding HP1, affecting its association
with heterochromatin [105]. These nearby H1 phosphorylation events oppose the effects of histone lysine
methylation. Additionally, recent research shows that the distribution of phosphorylated histone HI and
H3K9me3 in the nucleus remains consistent throughout the Gl, S, and G2 phases of the cell cycle [106].

Recently, a comprehensive analysis using two-dimensional TAU/SDS electrophoresis combined with
mass spectrometry was conducted to explore histone PTM:s in cell lines derived from breast cancer [102].
In comparison to normal cells, cancer cells exhibited significant dysregulation in specific histone markers.
Specifically, the levels of H4Kl16ac and H4K20me3 were reduced, while H3K9me2-3 levels were elevated,
suggesting their potential involvement in the epigenetic regulation of cancer cells [102,107]. The study also
focused on histone H1, revealing significant increases in tyrosine phosphorylation, particularly at Y74 of H1.5,
Y70 of H1.2, and Y71 of H1.3 [102]. This modification was closely linked to cell proliferation and was regulated
by Focal Adhesion Kinase (FAK), a tyrosine kinase with nuclear localization capability [108,109]. FAK was
found to directly interact with H1 and catalyze its tyrosine phosphorylation [102]. FAK is often overexpressed
in HCC [110]. Silencing FAK significantly suppressed EZH2’s activity in tri-methylating histone H3 lysine
27 (H3K27me3) [110]. These findings suggest that tyrosine phosphorylation of Hl may indirectly influence
H3K27me3 levels by regulating EZH2 activity. In human HCC, the expression levels of FAK, EZH2, and
H3K27me3were significantly higher than those in non-tumor liver tissues, further validating the interplay
between H1 and H3 PTMs and their critical role in cancer progression [110].

It is also important to note that numerous cancer-related mutations in linker histones can interfere
with the processes of reading, writing, and erasing histone modifications. For example, a recent study
used protein sequence-based prediction tools to explore the impact of mutations on common PTMs in
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the histone HI sequence, such as acetylation, methylation, phosphorylation, and ubiquitination. The study
found that the stability of proteins with mutations at modification sites was significantly reduced, indicating
that these mutations may disrupt the normal function of these PTMs [111]. The c.435dupC mutation is a
germline mutation and is relatively common in RMNS. This mutation introduces a premature stop codon,
resulting in a protein that is 25 amino acids shorter than the normal protein, thereby causing the loss of the
phosphorylation site at position 146 of H1 [112]. T146 is a phosphorylation site in the human LH H1.4 subtype
and is also present across other somatic subtypes (H1.2-HL1.5) [99,100]. In bladder cancer, phosphorylation
of the T146 site in H1.2-H1.5 has been proposed as a potential biomarker, suggesting that disruption of this
critical PTM may impair the normal function of the protein [99].

By mapping the cancer mutations and PTMs sites onto the H1.4 sequences, we show that several
mutations occur at known PTM sites (Fig. 5) [14,21]. The results showed that approximately 50% of the PTM
sites overlapped with mutations. Several of these sites undergo multiple PTMs, including K17, K34, K46,
K63, K64, K85, K90, and K97. Notably, mutations such as K46E and K63N were identified in endometrial
cancer, while K64E was detected in melanoma [21]. In addition, we observed that many mutations in mature
B-cell neoplasms overlapped with or were located near PTM sites. Some of these overlapping mutations
included R33C, K81E, K90Q, K110N, E115K, K119E, K136R, T1541, K160N, K169T, and S187N. Previous studies
have suggested that H1 mutations may contribute to the pathogenesis of B-cell lymphoma [18]. Of particular
interest is the phosphorylation of the H1.4 S187 site by CDKO9, a crucial early step in gene activation that
facilitates RNA polymerase release to initiate transcription elongation [104]. Mutations at this site could
disrupt the normal PTM process, altering the physicochemical properties and molecular functions of HI,
and potentially contributing to disease development.
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Figure 5: (Continued)
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Figure 5: Mapping of PTMs and cancer-associated mutations onto the H1.4 sequence. The figure was created using
Adobe Illustrator [98]. The structural sequence of H1.4 is obtained from the PDB structural database. The main
structural sequence is highlighted within the purple box, with red and green indicating alpha helices and beta strands,
respectively. PTM types are labeled above the sequence, with data sourced from existing literature [14]. Mutation types
are labeled below the sequence, with mutation data derived from our dataset and previous studies [21]

6 Conclusion and Perspective

Mutations in linker histones have emerged as significant contributors to various cancers, highlighting
their potential as key players in tumorigenesis. These mutations compromise chromatin structural integrity
by modifying the interactions between linker histones and nucleosomes, which in turn affects chromatin
compaction and higher-order organization. Furthermore, PTMs of linker histones, including methylation,
acetylation, and phosphorylation, are crucial in regulating chromatin accessibility and gene expression and
are also closely linked to cancer development [101,111]. Recent studies have uncovered the specific mutations
in linker histones that disrupt these processes, providing valuable insights into the molecular mechanisms
underlying cancer progression [18].

The emerging significance of LH mutations in cancer biology opens new opportunities for future
research. Although substantial progress has been achieved in elucidating the structural and functional
impacts of these mutations, there remains a need for deeper exploration of the molecular mechanisms by
which linker histones influence the gene expression landscape and oncogenesis. Advancements in high-
throughput sequencing technologies and computational models are likely to facilitate the identification of
additional mutations and the analysis of their functional consequences. Moreover, studying the impact of LH
mutations on their interactions with other chromatin-associated proteins, as well as their influence on the 3D
organization of the genome, could provide critical insights into the epigenetic regulation of gene expression
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in cancer. These efforts could also facilitate the development of targeted therapies designed to modulate LH
function, providing new treatment strategies for cancers driven by these mutations.
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